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Abstract
The interaction of stress and phytochemicals is complex yet offers huge potential to improve the nutritional quality of crops. Functional foods, like culinary

herbs,  are an important source of  minerals,  vitamins,  fiber,  and phytochemicals.  Among the phytochemicals  with beneficial  properties found in culinary

herbs  are  polyphenols.  Stressors  such  as  salinity  affect  the  polyphenol  production  of  culinary  herbs.  Yet,  findings  have  varied  and  rely  on  pure  sodium

chloride solutions that do not reflect natural environments. To determine how culinary herbs are affected by complex salt solutions reflective of naturally

occurring salts, we investigated these effects on the growth, yield, and polyphenol production of cilantro (Coriandrum sativum) and parsley (Petroselinum
crispum). Two replicated experiments were conducted where a DI water control and three complex salt solutions (1, 3, and 5 dS/m) were applied to plants.

Results  showed that  while  both cilantro and parsley were negatively  affected by high salinity,  parsley was less  affected by higher levels  of  complex salt

solutions.  Salinity  level  was  the  primary  factor  affecting  phytochemical  concentrations,  where  total  phenolics  and  flavonoids  decreased  with  increasing

salinity. By contrast, proline increased with increasing salinity, indicating negative physiological impacts of salinity in plants. While findings varied across

experiments and did not reach statistical significance, trends were similar across experiments. Overall,  the higher salinity level (5 dS/m) caused the most

negative  impacts  on  the  physiology  of  both  cilantro  and  parsley.  However,  parsley  showed  higher  tolerance  to  complex  salt  solutions  than  cilantro,

determining the variable effect and complexity of salinity on each plant species.
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 Introduction

$

The market for culinary herbs is growing within the US because of
the  demand  for  fresh  and  healthy  herbs  in  various  dishes,  yet  the
current  production  of  culinary  herbs  is  insufficient  to  meet  overall
demand[1].  The  US  imports  most  of  its  culinary  herbs  from  Mexico,
Colombia, and Peru,[2] valued at over US 300 million annually, with
cilantro,  parsley,  and  basil  being  major  contributors[3].  These  herbs
not  only  enhance  the  visual  appearance  of  food  but  are  also  inte-
gral  to  traditional  medicine  and  possess  health-promoting  proper-
ties[4].  They  contain  diverse  phytochemicals  such  as  phenolic  acid,
flavonoids,  and  essential  oils,  which  have  antioxidant  abilities  that
help  to  protect  cells  from  oxidative  damage[5,6].  Additionally,  they
also provide minerals and vitamins essential for lowering the risk of
major chronic diseases[7], making their inclusion in diets a simple yet
effective  strategy  to  promote  human  health.  Cilantro  (Coriandrum
sativum)  and  parsley  (Petroselium  crispum)  are  versatile  and  benefi-
cial  herbs  of  the  Apiaceae  family  used  as  flavoring  and  garnishing
agents  in  aromatic  foods[6].  Both  cilantro[8] and  parsley[9] contain
beneficial  compounds  and  can  be  regarded  as  functional  foods.
They  are  rich  sources  of  health-promoting  secondary  metabolites
like  phenolic  acids,  flavonoids,  antioxidants,  chlorophyll,  carote-
noids,  fibers,  vitamin  A,  and  vitamin  C  play  a  significant  role  in
human  diets[10,11].  Specifically,  they  contain  phenolic  acids  such  as
gallic acid, ferulic acid, vanillic acid, p-coumaric acid, rosmarinic acid,
and cinnamic acid,  as  well  as  flavonoids like quercetin,  kaempferol,
coumarin, rutin, luteolin, and apigenin[8,12]. Polyphenols are particu-
larly  important  for  plant  defense  and  stress  tolerance,  protecting

against diseases, insects, and microbes while also attracting benefi-
cial  insects[13,14].  They  help  mitigate  abiotic  stress  like  salinity,
drought,  heavy  metals,  light,  and  temperature  through  phenolic
synthesis[15,16], a process linked to the shikimic acid pathway respon-
sible for the aromatic amino acid production[17].

Whenever  plants  are  stressed,  reactive  oxygen species  (ROS)  like
hydroxyl  radicals  (·OH),  hydrogen  peroxide  (H2O2),  singlet  oxygen
(1O2),  and  superoxide  anion  radical  (O2

·−)  accumulate  in  the  plants,
which  leads  to  oxidative  damage  in  plants[17,18].  Plants  produce
different  enzymatic  and  non-enzymatic  antioxidants  to  scavenge
the free radicals produced from oxidative stress[19]. Of those, pheno-
lic compounds are a major group of antioxidants that plants use to
mitigate  stress.  Therefore,  an  increase  in  phenolic  compounds  is
seen  in  stressed  plants.  However,  polyphenol  concentrations  with-
in  these herbs  are  greatly  influenced by multiple  factors  like  grow-
ing  conditions[20],  plant  parts[21],  and  sustainable  production
practices[22] as well. Similarly, the phytochemical production of culi-
nary herbs can be influenced by different biotic and abiotic factors.
This  is  true  not  only  for  phytochemicals,  but  proline  serves  as  an
osmoprotectant in plants[23].  The level of proline can increase signi-
ficantly  in  plants  under  stress  conditions  such  as  salinity[24].  The
accumulation  of  proline  during  salinity  stress  can  be  seen  as  a  key
adaptive  response  that  leads  to  osmotic  adjustment,  protection  of
cellular structures, and detoxification of ROS[25].

Water quality in agriculture is of great concern as available water
resources dwindle and demand for municipal water increases. Alter-
native  water  sources  of  lower  quality,  such  as  saline  or  brackish
groundwater, are abundant and likely to be used during drought or
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water  scarcity[26].  Unconfined  or  leaky  aquifers,  being  closer  to  the
surface, often have lower quality than confined aquifers[27], and their
composition or quality varies widely,  yet  they remain an option for
crop production[28]. However, salinity adversely affects plant growth
and yield by causing toxicity and osmotic stress, reducing water and
nutrient  uptake[29].  Excess  salinity  disrupts  nutrient  balances,  inter-
fering  with  essential  processes  such  as  photosynthesis  and  cellular
stability[30].  For  example,  high sodium (Na)  uptake limits  potassium
(K)  absorption,  increasing  Na/K  ratios  and  impairing  cellular  func-
tions  in  plants[31].  Furthermore,  sodium  and  chloride  ions'  domi-
nance  also  reduces  the  availability  of  potassium,  calcium,  magne-
sium,  iron,  and  zinc[28,30],  leading  to  nutrient  deficiency,  reduced
growth,  and smaller  leaf  size.  Moreover,  salinity  can cause ion toxi-
city  that  can  damage  cellular  structure  and  hamper  metabolic
processes[29].  This  problem  is  more  severe  in  salinity-prone  areas.
Soil  salinity  arises  from  the  accumulation  of  soluble  salts,  weather-
ing of minerals, seawater intrusion into freshwater, and high evapo-
ration  rates  in  natural  environments[32].  Furthermore,  the  presence
of  cations  like  sodium,  calcium,  potassium,  and  magnesium,  and
anions like chloride, sulfate, or carbonate, governs soil salinity. Most
research has used simple salts like sodium chloride (NaCl),  but real-
world conditions involve complex salts that require further research
to  fully  understand  their  effects  on  plant  physiology  and  producti-
vity, especially for salt-sensitive crops and high-value culinary herbs
whose growth can be influenced by the presence of complex salts.
The use of stressors like salinity or light to enhance beneficial com-
pounds in fruits, vegetables, and herbs is gaining interest due to the
demand  for  functional  foods.  Salinity  can  alter  the  phytochemical
concentrations  in  culinary  herbs,  with  studies  reporting  increased
phenolics, flavonoids, proline, and essential oils[33] in cilantro under
salinity  stress.  However,  other  research  found  reduced  essential
oil  content  in  parsley  with  increasing  salinity[34].  Exploring  lower-
quality water sources as an alternative source for irrigation in times
of  drought  or  in  salinized  areas  is  critical,  but  understanding  how
complex  salts  affect  different  plants  and  their  phytochemical
composition[35] is equally important. These conditions may improve
phytochemical profiles, yet varying salt tolerances among herbs can
negatively  impact  the  yield  and  quality.  Therefore,  managing  sali-
nity is  crucial  for maintaining the quality and productivity of herbs.
This  experiment  was  conducted  to  evaluate  the  physiology  and
phytochemical  production  of  two  distinct  culinary  herbs,  cilantro
and parsley, under complex salt solutions at varying rates, hypothe-
sizing that increasing salinity stress will  increase the phytochemical
content of culinary herbs.

 Materials and methods

 Experimental setup
Two  sequential  experiments  were  conducted  in  a  growth  cham-

ber  at  the  Horticulture  Garden  and  Greenhouse  complex  of  Texas
Tech University.  The first  experiment ran from October 19,  2022,  to
December  12,  2022,  and  the  second  experiment  lasted  from  April
24,  2023,  until  June  07,  2023.  In  each  experiment,  several  cilantro
and parsley seeds were sown in 4 × 4 plastic pots filled with Berger
BM6  all-purpose  soilless  media  (Berger,  Saint-Modeste,  Canada).
Once they reached the two true leaf  stage,  seedlings were thinned
to  one  seedling  per  pot.  The  seedlings  were  hand  irrigated  two  to
three  times  per  week,  depending  on  the  moisture  content.  During
the  seedling  stage,  they  were  fertilized  with  100  ppm  nitrogen
(FloraGro;  General  Hydroponics,  Santa  Rosa,  CA,  USA)  to  boost
their  growth.  The  growth  chamber  temperature  was  set  to  23  °C,

and  photosynthetic  photon  flux  density  (PPFD)  was  set  to
390 µmol/m2/s  with  a  16-h  photoperiod.  Growing  environments
were  kept  constant  throughout  both  experiments.  Both  experi-
ments were set up in a randomized block design with three salinity
treatments (1, 3, and 5 dS/m) and a control (DI water) with ten repli-
cations  for  each  treatment.  The  salinity  treatments  consisted  of  a
complex salt mix Instant Ocean© sea salts (Instant Ocean United Pet
Group,  Blacksburg,  VA,  USA),  which  was  mixed  with  water  to  get
the desired EC values for each treatment (Table 1). The complex salt
solution constituent comprised of 30% Na, 54% Cl, 7% SO4,  3% Mg,
1% K, and 1% Ca. In each irrigation, 250 mL of water is applied with
the  addition  of  100  ppm  commercial  water-soluble  Jack's  fertilizer
(20N  :  20P  :  20K;  JR  Peters  Inc.,  Allentown,  PA,  USA).  SMEC  300  soil
moisture  sensors  attached  with  a  data  logger  (Mini  Station  Watch-
Dog;  Spectrum  Technologies  Inc.,  Illinois,  USA)  were  installed  to
record the electrical conductivity (EC) and volumetric water content
(VWC)  in  each  treatment  group  of  cilantro  and  parsley.  At  harvest,
plant  biomass  was  measured  in  each  plant  by  using  the  standard
scale.  The plant  was cut  from the base of  the stem to measure the
fresh  biomass  using  an  analytical  balance.  After  harvest,  the  plants
were stored in plastic bags and stored at −80 °C until further analy-
sis.  The  plants  were  freeze-dried  (Harvest  Right,  Salt  Lake  City,  UT,
USA),  and  the  dry  shoot  biomass  was  recorded  using  an  analytical
balance (OHAUS Corporation, Parsippany, NJ, USA). The freeze-dried
plants were then ground into a fine powder in liquid nitrogen using
a  mortar  and  pestle.  The  powdered  samples  were  stored  at −4  °C
until they could be further analyzed.

 Analysis of phytochemicals, proline and
chlorophyll

Phytochemical  analyses,  including  total  phenolic  compounds
(TPC) and total flavonoid compounds (TFC), were conducted follow-
ing  the  methodology  described  by  Regmi  et  al.[36].  Briefly,  dried
samples  of  cilantro  and  parsley  were  ground  into  fine  powder  in
liquid nitrogen with a mortar and pestle. For the extraction, 0.25 g of
the powdered plant material was mixed with 5 mL of distilled water
in heat-resistant tubes,  which were then incubated in a water  bath
at 100 °C for 30 min and subsequently cooled to room temperature.
The tubes were centrifuged at 3,000 rpm for 15 min, and the super-
natant was collected for the phytochemical analysis.

For  TPC  determination,  100 µL  of  supernatant  was  combined
with 0.5  mL of  0.2N Folin-Ciocalteu reagent.  After  5  min,  150 µL of
the  saturated  sodium  carbonate  solution  was  added.  The  mixture
was  incubated  at  20  °C  for  2  h,  and  200 µL  was  pipetted  into  the
microplate to measure the absorbance at 765 nm using a microplate
spectrophotometer  (SpectraMax  iD3,  Molecular  Devices,  San  Jose,
CA, USA).  The total  phenolic content was expressed as mg of gallic
acid equivalent/dry weight g sample (mg GAE/g DW).

Similarly,  for  TFC  analysis,  0.5  mL  of  the  supernatant  was  mixed
with  1.5  mL  of  95%  ethanol,  0.1  mL  of  10%  aluminum  chloride
(AlCl3),  0.1  mL  of  1M  potassium  acetate  (CH3COOK),  and  2.8  mL  of
distilled  water.  The  mixture  was  vortexed  and  incubated  at  room
temperature for  30 min.  Subsequently,  200 µL was transferred to a

 

Table  1.  Amount  of  Instant  Ocean©  sea  salts  used  to  prepare  the  desired
salinity levels.

Salinity level Amount of salt used
(mg/L of water)

0 dS/m (control) 0
1 dS/m 650
3 dS/m 1,950
5 dS/m 3,350
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microplate  to  measure  absorbance  at  410  nm  using  a  microplate
spectrophotometer.  The flavonoid content was expressed as mg of
quercetin equivalent/ dry weight g sample (mg QE/g DW).

Proline  content  was  measured  in  ground  plant  samples  accord-
ing to the modified method of Lee et al.[25]. For extraction, 30 mg of
powdered  sample  was  added  to  1  mL  of  1%  sulfosalicylic  acid  in
2 mL tubes. The samples were vortexed for 10 s and centrifuged at
5,000 rpm for 10 min. The supernatant was used for proline determi-
nation.  A  proline  standard  curve  was  prepared,  and  66 µL  of  the
supernatant and standard were added to a microplate; then 132 µL
of ninhydrin solution was pipetted into the plates, which were then
incubated at 100 °C for 60 min. The reaction was stopped by placing
the  microplate  into  the  ice  bath  for  10  min.  The  absorbance  was
read at 510 nm using the microplate spectrophotometer.

Chlorophyll  content  was  analyzed  using  the  microplate  spec-
trophotometer  following  the  modified  method  of  Lichtenthaler[37]

as explained by Kathi et al.[38]. Specifically, 100 mg of the powdered
sample  was  mixed  with  1  mL  of  100%  methanol.  The  tubes  were
homogenized and centrifuged at 10,000 rpm for 15 min.  Following
centrifugation,  200 µL  of  the  supernatant  was  transferred  to  a
microplate  and  absorbance  was  read  at  665,  652,  and  470  nm  for
chlorophyll (chl.) a, b, and total chlorophyll, respectively.

 Plant nutrient analysis
Freeze-dried plant samples were sent to Waters Agricultural Labo-

ratories  (Camilla,  GA,  USA)  for  the  determination  of  macro- and
micronutrient  content  using  Inductively  Coupled  Plasma  Optical
Emission  Spectroscopy  (ICP-OES)  analysis  on  cilantro  and  parsley
plants across both experiments.

 Statistical analysis
Due  to  the  genetic  difference  between  cilantro  and  parsley,  the

analysis  was  conducted  separately  for  each  species.  These  experi-
ments  were  arranged  in  a  randomized  complete  block  design
(RCBD) with each experiment being conducted twice (Experiment 1
and Experiment 2). Each salinity treatment included ten replicates of

cilantro  and  parsley  for  a  total  of  40  cilantro  and  40  parsley  plants
per  experiment.  Additionally,  significant  differences  were  observed
between  experiments  1  and  2  when  data  from  both  experiments
were  pooled  together  (Supplementary  Table  S1).  Therefore,  each
experiment and species was analyzed separately, and an analysis of
variance (ANOVA) was tested among salinity treatments within each
herb  at  a p <  0.05  significance  level  to  determine  significant  diffe-
rences (JMP Pro 16, SAS Inc., Cary, NC, USA). When differences were
significant, Tukey's HSD was used to determine the significant diffe-
rence among means. A pairwise correlation was conducted to deter-
mine  the  relationship  between  salinity,  growing  conditions,  and
plant growth parameters.

 Results

 Volumetric water content and soil EC
Soil  EC  and  VWC  were  recorded  continuously  using  soil  sensors

and  dataloggers  for  cilantro  and  parsley  in  both  experiments
(Supplementary  Fig.  S1)  and  were  averaged.  Across  both  experi-
ments, the average EC and VWC of the soil increased as the salinity
increased.  In  cilantro,  the  average  soil  EC  and  VWC  ranged  from
0.127−0.534 dS/m and 12.39%−39.87%, respectively,  in experiment
1,  and  they  ranged  from  0.106−0.644  dS/m  and  9.52%−32.82%  in
experiment  2.  Similarly,  in  parsley,  EC  and  VWC  ranged  from
0.131−0.406 dS/m and 15.45%−21.07%, respectively,  in experiment
1  and  0.098−0.554  dS/m  and  12.18%−25.70%  in  experiment  2  (as
shown in Supplementary Table S2).

 Fresh weight and dry weight
The fresh weight (FW) and dry weight (DW) of cilantro were signi-

ficantly  affected  by  salinity  in  both  experiments  (Fig.  1).  In  each
experiment,  the  greater  FW  and  DW  were  found  in  control  plants
with steady declines in biomass at higher rates of salinity (Fig. 1a, b).

In parsley,  FW was significantly affected by salinity in both expe-
riments,  whereas  DW  was  significantly  affected  by  salinity  in

 

a b

Fig. 1  Effect of salinity on fresh weight (FW) and dry weight (DW) of cilantro in experiments 1 and 2. Different uppercase letters indicate significant effect
of salinity on FW whereas lowercase indicates significant effect of salinity on DW at p ≤ 0.05. The error bars represent ± 1 standard error of the mean (n =
10). The solid bar represents FW, and the striped bar represents DW. Italic text shows the significant impact of salinity on the measured parameters.
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experiment  2  only  (Fig.  2a, b).  Interestingly,  1  dS/m  significantly
increased  the  FW  of  parsley  in  both  experiments.  Greater  DW  was
found in 1 dS/m treatments, and the lowest was found in 5 dS/m for
experiment 2.

 Phytochemicals, proline, and chlorophyll
Salinity  significantly  affected  TPC  and  TFC  of  cilantro  in  experi-

ment  1,  but  it  did  not  affect  the  phytochemicals  in  experiment  2
(Fig.  3a, b).  Overall,  greater  proline  content  was  found  in  experi-
ment 1 as compared to experiment 2 (3C and 3D). In experiment 1,
greater  TPC  and  TFC  were  found  in  control  plants  with  reduced
phytochemicals in salinity-treated plants. Higher salinity also signifi-
cantly and proportionally increased the proline content in cilantro in
both experiments.

In  parsley,  salinity  significantly  affected  the  TFC  in  experiment  1
with no significant effects seen in experiment 2 (Fig 4a, b).  As seen
with  cilantro,  greater  proline  content  was  found  in  experiment  1
as  compared  to  experiment  2.  Parsley  treated  with  5  dS/m  salinity
showed  significantly  reduced  TFC  in  experiment  1,  with  no  diffe-
rence  among  other  treatments.  Conversely,  salinity  did  not  affect
the TPC of parsley in both experiments. Like cilantro, proline content
significantly increased with increased salinity in parsley across both
experiments (Fig. 4c, d).

The  chlorophyll  content  (chl.  a,  chl.  b,  and  total  chlorophyll)  of
cilantro  was  not  affected  by  salinity  in  both  experiments  (Supple-
mentary  Fig.  S2a & S2b).  Furthermore,  similar  concentrations  of
chlorophylls were found in both experiments.

Salinity  did  not  affect  the  chl.  a,  chl.  b,  and  total  chlorophyll
content  of  parsley  in  either  experiment  (Supplementary  Fig.  S3a,
S3b). Results showed similar concentrations of chlorophylls in plant
tissues in both experiments.

 Nutrient analysis
Macro- and micronutrients were measured in cilantro across both

experiments, as shown in (Supplementary Table S3). Macronutrients,
nitrogen,  phosphorus,  potassium,  magnesium,  and  calcium  were
unaffected  by  salinity  rates  across  both  experiments.  However,

sulfur was significantly reduced in cilantro, approximately 45%−48%
in  salinity-treated  plants,  only  in  the  second  experiment.  Micronu-
trients  were  also  significantly  affected  by  salinity,  where  the  majo-
rity  of  the  micronutrients  were  increased  at  higher  salinity  rates,
except  for  boron  in  the  second  experiment.  Interestingly,  N  and  P
were  greater  in  the  first  experiment,  and  micronutrients  were
greater  in  the  second  experiment.  In  both  experiments,  salinity
treatment  significantly  elevated  plant  micronutrient  levels.  The
increase  was  most  dramatic  for  Mn  (27%−793%)  and  Zn
(10%−444%),  with  a  more  moderate  rise  in  Fe  (6%−110%)  and  Cu
(27%−38%) (refer to Supplementary Table S3 for values).

Macro- and micronutrients  were  also  measured in  parsley  across
both experiments,  as shown in Supplementary Table S4.  Potassium
(K) was reduced by higher salinity rates by 16%−35% in the second
experiment,  whereas  magnesium  (Mg)  was  increased  by  higher
salinity rates by 2%−8% in the first experiment. In terms of micronu-
trients,  zinc (Zn)  and copper (Cu)  were increased by 8%−125% and
8%−92%, respectively, by higher salinity rates in parsley across both
experiments,  but  manganese  (Mn)  was  increased  by  salinity  by
47%−82%  in  the  first  experiment  only.  Higher  nitrogen  concentra-
tions were also found in experiment 1.

 Correlation analysis
Pairwise  correlation  analysis  was  performed  on  the  measured

parameters  of  cilantro  from  experiment  1  (Table  2).  In  this  experi-
ment,  salinity  levels  were  negatively  correlated  with  FW,  DW,  TPC,
and  TFC,  while  positively  correlated  with  proline,  EC,  VWC,  Zn,  Mn,
Fe, and Cu. TPC was positively correlated with TFC, where both TPC
and TFC were negatively correlated with EC and VWC. Additionally,
proline  was  positively  correlated  with  VWC.  Most  of  the  nutrients
were positively correlated with each other.

Correlation analysis was also performed on cilantro in experiment
2  to  investigate  the  relationship  between  salinity  and  measured
parameters (Table 3). Salinity levels were negatively correlated with
FW  and  DW,  indicating  that  increases  in  salinity  reduced  biomass.
Alternatively,  salinity  was  positively  correlated  with  proline,  chl.  b,
EC,  and VWC, and K,  indicating stress  responses.  Both TPC and TFC
were  not  significantly  correlated  in  experiment  2,  however  they

 

a b

Fig. 2  Effect of salinity on fresh weight (FW) and dry weight (DW) of parsley in experiments 1 and 2. Different uppercase letters indicate significant effects
of salinity on FW, whereas lowercase indicates significant effect of salinity on DW at p ≤ 0.05. The error bars represent ± 1 standard error of the mean (n =
10). The solid bar represents FW, and the striped bar represents DW. Italic text shows the significant impact of salinity on the measured parameters.
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were negatively correlated in experiment 1. Interestingly, chl. b and
chl.  a  &  b  were  positively  correlated  with  salinity  in  experiment  2,
which  was  not  seen  in  experiment  1.  Furthermore,  FW  showed  a
negative  correlation  with  proline,  EC,  and  VWC,  demonstrating  the
negative  impacts  of  salinity  on  yields  and  physiological  responses.
Both VWC and EC showed negative correlations  with TPC and TFC,
while  they  were  positively  correlated  with  proline.  Interestingly,
macronutrients  like  Mn  and  Cu  also  showed  negative  correlations
with TPC.

Pairwise  correlation  analyses  were  also  performed  across  salinity
level,  phytochemicals,  and element nutrients of  experiment 1 pars-
ley (Table 4). In parsley, salinity levels were positively correlated with
proline,  EC,  VWC,  Zn,  and  Cu,  and  negatively  correlated  with  TPC,
TFC,  N,  and  B.  This  showed  that  proline,  EC,  VWC,  Zn,  and  Cu
increased as salinity levels rose, while TPC, TFC, N, and B decreased
with  increasing  salinity  levels.  Both  EC  and  VWC  were  negatively
correlated  with  TPC  and  TFC,  similarly  to  the  cilantro  experiments;
however, they were positively correlated with proline. Furthermore,
proline  was  positively  correlated  with  Zn  and  Cu,  while  negatively
correlated with N and B.

Correlation  analysis  was  also  performed  in  experiment  2  parsley
to investigate the relationship between salinity level and measured
parameters (Table 5). Salinity levels were negatively correlated with
FW, DW, N, and B, while positively correlated with proline, EC, VWC,
Zn,  Mn,  Fe,  and  Cu.  This  shows  that  yield  and  nutritional  status
decreased as salinity increased, while higher salinity increased stress
responses and increased uptake of transition metals. The significant
effect  of  salinity  was  not  seen  in  the  second  experiment,  where  a
significant  negative  correlation  was  found  between  salinity  and
phytochemicals in experiment 1. Furthermore, EC and VWC showed
positive  correlation  with  proline  and  positive  correlation  with  K.
Specifically,  proline  increased  with  higher  EC  and  VWC,  while  K
declined.

 Discussion

 Fresh weight and dry weight
Salinity is a major abiotic stress that has negative impacts on both

fresh weight and dry weight of plants[24].  As salinity concentrations

 

a

c d

b

Fig. 3  Effect of salinity on phytochemicals and proline of cilantro in experiments 1 and 2. Different uppercase letters indicate significant effects of salinity
on (a), (b) TPC and (c), (d) proline; whereas lowercase indicates significant effects of salinity on (a), (b) TFC at p ≤ 0.05. The error bars represent ± 1 standard
error  of  the  mean  (n =  5).  The  solid  bar  represents  TPC,  and  the  striped  bar  represents  TFC.  Italic  text  shows  the  significant  impact  of  salinity  on  the
measured parameters.
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increase  in  soil,  plants  experience  reduced  growth  and  biomass
accumulation due to various physiological disturbances[39].  In these
experiments,  average  VWC  and  average  soil  EC  increased  with  an
increase  in  salinity.  Plants  at  higher  salinity  stress  were  unable  to
take  up  water  due  to  osmotic  stress[30],  which  increased  the  volu-
metric  water  content  at  higher  salinity  treatment  (Table  2).  Plants'
reduced  ability  to  take  up  water,  combined  with  ionic  imbalance,
caused  reduced  biomass  at  higher  salinity  treatments[40].  The  fresh
weight  was  decreased  due  to  the  low  water  uptake,  and  the  dry
weight  was  also  reduced  as  there  was  low  biomass  accumulation
due to  negative  physiological  responses  to  salinity.  As  cilantro  and
parsley  are  distinctly  different  culinary  herbs,  higher  salinity
decreased  the  overall  performance  of  each  crop  (Supplementary
Figs  S4 and S5).  While  parsley  benefited  from  mild  salinity  stress,
resulting  in  increased  biomass  at  1  dS/m,  cilantro  biomass  was
inversely  proportional  to  salinity  treatments.  Similar  results  were
found  by  Desire  &  Arslan[41],  where  1  dS/m  irrigated  salinity  water
did not show any negative effect  on fresh weight and plant height
of  parsley.  However,  the  negative  effects  of  salinity  were  visible
when the salinity level went beyond 1.5 dS/m. Conversely, Brengi et

al.[42] found  that  the  fresh  weight  and  dry  weight  of  cilantro
decreased when the salinity of irrigated water increased from 0.5 to
1.5  dS/m.  These  results  indicate  that  parsley  is  more  salt-tolerant
compared  to  cilantro  and  likely  has  some  distinct  plant
mechanisms[43] that  improve  plant  growth  at  low  salinity  levels.
Studies  conducted  by  McFarland  et  al.  &  Álvaro  et  al.[44,45] showed
that  the  threshold  of  decline  due  to  salinity  was  2  dS/m  (Fig.  2).
However,  several  other  experiments  have  concluded  that  salinity
levels  higher  than  1  dS/m  decreased  overall  biomass  in  cilantro[33].
This  was  consistent  in  our  study,  where  the  negative  effect  of  sali-
nity was also observed in our experiment starting at 1dS/m salinity
level (Fig. 1). However, mild salinity achieved through complex salts
like  potassium  sulfate  and  magnesium  nitrate  increased  the  shoot
fresh  and  dry  weight  of  cilantro  as  compared  to  sodium  chloride
only[46].  This  further  illustrates  that  the  salinity  obtained  through
different salt types also affects the biomass accumulation in cilantro.
This was evident in our study,  where plants exposed to higher sali-
nity showed increased VWC (Table 2).  Moreover,  Na competes with
K for uptake into roots because K and Na ions are similar in size. This
can  lead  to  an  imbalance  of  K  and  Na,  which  negatively  impacts

 

a b

c d

Fig. 4  Effect of salinity on phytochemicals and proline of parsley in experiments 1 and 2. Different uppercase letters indicate significant effects of salinity
on (a), (b) TPC and (c), (d) proline whereas lowercase indicates significant effects of salinity on (a), (b) TFC at p ≤ 0.05. The error bars represent ± 1 standard
error  of  the  mean  (n =  5).  The  solid  bar  represents  TPC,  and  the  striped  bar  represents  TFC.  Italic  text  shows  the  significant  impact  of  salinity  on  the
measured parameters.
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plants  due  to  the  toxic  nature  of  Na  to  plants[47].  This  was
also evident in our study, where lower K content was found
in plants irrigated at higher salinity levels (Table 4). However,
not  all  cations  in  solution  have  toxic  effects  on  plants,  but
the  imbalance  of  solute  potential  may  impact  the  osmotic
status  of  plants,  i.e.,  Mg  ions  in  solution  are  not  necessarily
toxic  to  plants,  but  MgSO4 salts  may  affect  plant  water
uptake due to effects on water potential[48].

 Phytochemicals, proline, and chlorophyll
Salinity  significantly  influences  the  phytochemical  pro-

duction of culinary herbs, often altering the accumulation of
beneficial  compounds[15,42].  However,  the  hypothesis  was
rejected  because  the  increase  in  salinity  did  not  boost  the
phytochemical  content  in  either  herb,  cilantro  or  parsley.
In  these  experiments,  high  salinity  rates  (5  dS/m)  reduced
phenolics  and  flavonoids  of  cilantro  and  parsley.  Although
salinity can activate plant defense mechanisms and increase
phytochemical production, this response is dependent upon
species  and  salt  tolerance  thresholds[49].  Whenever  plants
experience biotic or abiotic stress up to a certain threshold,
the  defense  mechanisms  of  plants  are  activated  through
increased  antioxidants[50].  While  some  studies[33] report
increased  phenolic  and  flavonoid  content  in  cilantro  under
NaCl  stress,  our  findings  are  more  aligned  with  those  of
Neffati et al.[51], showing a decline in these compounds with
increased  salinity.  Furthermore,  Amiripour  et  al.[52] found
that the essential oils of cilantro were increased by 100 mM
NaCl salinity and were reduced at 200 mM NaCl. These find-
ings  suggest  that  salinity  may  benefit  phytochemical
production  only  up  to  a  species-specific  threshold,  beyond
which  physiological  stress  reduces  plant  function.  Increas-
ing  salinity  reduces  photosynthesis,  stomatal  conductance,
and  evapotranspiration,  limiting  energy  reserves  that  drive
growth[46,35]. This often results in the reduced production of
phytochemicals  in  plants[53].  This  may  further  explain  the
reduced  phytochemicals  at  higher  levels  of  salinity,  which
were found in  our  study.  Additionally,  the type of  salt  used
can  also  impact  other  plant  compounds,  such  as  ascorbic
acid,  in  cilantro.  Ahmadi  &  Souri[46] found  that  cilantro  irri-
gated  with  a  salt  composition  of  potassium  sulfate  and
magnesium  nitrate  had  higher  ascorbic  acid  content  than
NaCl  salt.  The  use  of  complex  salt  solutions  in  our  study
may  have  contributed  to  reduced  phytochemical  levels  in
cilantro  at  higher  salinity  rates.  Similar  to  cilantro,  salinity
can  also  influence  the  phytochemical  composition  of  pars-
ley.  Salinity  alters  the  physiochemical  levels  of  plants  by
reducing  the  overall  photosynthesis  of  plants[54].  However,
plants  have  evolved  different  techniques  to  reduce  the
effect  of  salt  stress,  including  increasing  osmolytes  like
proline within the vacuole[55].

Proline  accumulation  is  the  biomarker  for  salinity  stress
before  the  visible  symptoms  occur  in  plants[56].  Higher
proline  accumulation  helps  plants  maintain  osmotic  pres-
sure  within  the  cell,  which  is  disrupted  by  salinity[43].  Our
results showed a similar and proportional increase in proline
with  increased  salinity.  However,  the  magnitude  of  this
increase varied greatly between species,  with cilantro accu-
mulating  significantly  more  proline  than  parsley.  This  indi-
cates  that  parsley  was  not  under  as  much  stress  from  salt
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solutions in comparison to cilantro, making it more tolerant
to complex salts[56].

Salinity  significantly  decreases  the chlorophyll  content  in
crops due to reduced photosynthetic performance[56]. In this
study,  we  did  not  find  any  significant  difference  in  chloro-
phyll among the salinity-treated plants. In both experiments,
similar content of chl. a & b, and total chlorophyll was found,
which  also  implies  that  the  overall  content  is  the  same
across  both  experiments  and  species.  Furthermore,  salinity
stress may not have begun to affect the chlorophyll compo-
sition of the leaves, which can be further evident by nutrient
analysis  of  plants  where  most  of  the  macronutrients
remained unaffected by salinity (Tables 3, 4). While biomass
and phytochemicals were affected, stunted growth, proline,
and antioxidants are among the first parameters affected by
salinity[33,47,48].

Regarding  nutrients,  several  macro- and  micro-nutrients
were  significantly  affected  by  salinity  across  both  herbs,
although  an  equal  amount  of  fertilizer  was  added  in  each
experiment.  Salinity  induces  a  shift  in  nutrient  availability
and  uptake  because  of  the  complex  interaction  of  osmotic
stress  and  ion-specific  availability[30].  In  these  experiments,
cilantro did not show any deficiency of macronutrients. This
may  be  due  to  sufficient  fertilizer  concentrations  through-
out the growing period. However, parsley showed a reduced
uptake of potassium in the second experiment. The reduced
uptake of potassium in high salinity stress may be due to the
high  availability  of  sodium,  as  the  presence  of  excessive
sodium in the soil decreases the uptake of potassium due to
cation competition[30].  While higher salinity has been found
to  lower  the  uptake  of  different  micronutrients  like  zinc,
manganese, and copper, this was not found to be the case in
our  experiments,  where  the  majority  of  the  micronutrients
were  increased  at  higher  salinity  rates.  This  may  be  due  to
the presence of micronutrients in the complex salt solutions,
further  indicating  that  complex  salts  may  not  have  detri-
mental  impacts  on  certain  parameters  of  plants  other  than
biomass and certain phytochemicals. Furthermore, the nega-
tive effects of the cationic nature of salts are more prevalent
at  higher  electrical  conductivity[57].  For  example,  cations
such as Na, Ca, Mg, and K differ based on soil  structure and
nutrient dynamics[31].  Although some of these cations serve
as  an  essential  nutrient  in  plants,  the  amount  of  Na  ions
present  in  the  salt  reduces  soil  water  potential  and  root
water  absorption[58].  Furthermore,  higher  nutrient  concen-
trations  were  found  in  the  first  experiment  across  both
herbs.  This  may  be  attributed  to  the  slightly  higher  irriga-
tion volume in the first experiment (3.25 L per pot in expt. 1
vs 2.75 L per pot in expt. 2), which added one extra watering
event.  Greater  irrigation  frequency  might  have  triggered
the  greater  biomass  of  herbs  in  the  first  experiment  as
compared to the second experiment.

With  diminishing  freshwater  resources,  the  use  of  brack-
ish  or  alternative  water  resources,  which  are  often
comprised  of  complex  salts  and  nutrients,  must  be  studied
for  their  potential  use  in  agriculture[59].  Due  to  the  limited
availability  of  studies  that  used  complex  salt  solutions,  it  is
difficult  to  determine  the  comparative  impact  of  NaCl  on
complex  salt  solutions  on  plants.  Our  results  show  that
complex  salts  most  negatively  affected  cilantro  biomass,
while  other  physiological  parameters  were  less  impacted.
This  was  different  for  parsley,  which  only  started  to  show
negative  salinity  impacts  at  5  dS/m.  While  these  experi-
ments  were  conducted  in  identical  conditions,  the
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application  of  more  irrigation  water  in  the  first  experiment
might  be  the  reason  for  the  variability  between  experi-
ments.  This  indicates  that  slight  variations  in  production
practices  might  have  a  greater  influence  on  growth  factors
and phytochemical production of herbs.

 Conclusions
In this study, two distinct culinary herbs, cilantro and pars-

ley,  were  treated  with  complex  salt  solutions  at  different
concentrations.  Phytochemicals  like  TPC,  TFC,  and  proline,
along with chlorophyll, were also quantified. The majority of
measured parameters were negatively affected by salinity at
higher rates, but the effect of salinity on growth and phyto-
chemical  content  varies  within  each  species.  Both  herbs'
phytochemical  content,  specifically  TPC  and  TFC,  was
reduced at higher salinity (5 dS/m). Therefore, when consid-
ering  the  use  of  complex  salts  to  enhance  phytochemical
production,  it  should be done at  a  very  low threshold level
of  salinity.  However,  this  study only  examined phytochemi-
cals  at  the time of  harvest.  To further examine the progres-
sive  impacts  of  complex  salts  on  phytochemicals,  periodic
analyses  should  be  conducted  to  determine  if  there  is  an
effect  of  salinity  over  time.  Understanding  how  culinary
herbs respond to different water sources can help us better
prepare  for  the  use  of  saline  water  or  alternative  water
resources in the future. This study further validates the need
for  further  research into crop-specific  tolerance and thresh-
old for complex salinity in different crops.
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